Mechanical Scanning Sonar (MSS) is a promising technology for surveying underwater environments. Such devices are comprised of a multibeam echosounder attached to a pan & tilt positioner, that allows sweeping the scene in a similar way as Terrestrial Laser Scanners (TLS). In this paper, we report on the experimental assessment of a recent MSS, namely, the BlueView BV5000, in a confined environment: lock number 50 on the Marne-Rhin canal (France). To this aim, we hung the system upside-down to scan the lock chamber from the surface, which allows surveying the scanning positions, up to an horizontal orientation. We propose a geometric method to estimate the remaining angle and register the scans in a coordinate system attached to the site. After reviewing the different errors that impair sonar data, we compare the resulting point cloud to a TLS model that was acquired the day before, while the lock was completely empty for maintenance. While the results exhibit a bias that can be partly explained by an imperfect setup, the maximum difference is less than 15 cm, and the standard deviation is about 3.5 cm. Visual inspection shows that coarse defects of the masonry, such as stone lacks or cavities, can be detected in the MSS point cloud, while smaller details, e.g. damaged joints, are harder to notice.
INTRODUCTION
In this contribution, we propose to evaluate the capacities of a Mechanical Sonar Scanner (MSS) for underwater surveying in a confined environment, by comparing the 3D model of a canal lock, provided by the sonar device, to a reference model obtained with a Terrestrial Laser Scanner (TLS). 3D mechanical sonar scanning is an emerging technology that produces 3D point clouds in a similar manner as TLS. In this work, we consider a Blueview (www.blueview.com) BV5000 scanner. It is composed of an underwater measuring device (a multibeam echosounder, MBES) and a tiltable mechanical rotation system that enables sweeping the scene around. The system may be placed on a tripod and operated from the floor of the canal, or hung upside-down for scanning from the surface.
To our best knowledge, only a few papers address the problem of evaluating the metrological capacities of such a system in operating conditions. We may cite (Rondeau et al., 2012) and (Rondeau et al., 2015) for MBES in dynamic applications and (Lesnikowski and Rush, 2012) for a point-wise evaluation of the BV5000. In (Moisan et al., 2015) , we outlined a qualitative analysis of the difficulties relative to the use of a MSS in a canal. In the present paper, we propose a qualitative and quantitative assessment of the measuring abilities of a MSS based on a comparison between the point clouds obtained using a MSS and a TLS.
More specifically, we took the opportunity provided by the complete emptying of a canal lock for maintenance to make its comprehensive survey using a TLS (namely, the Faro Focus 3D X330). Since the model accuracy is better than the centimeter, * Corresponding author it can be chosen as reference. After that, the lock was filled again and the MSS survey was performed. As for its terrestrial counter-beam width Table 1 . MSS acquisition parameters part, surveying with the underwater scanner requires several acquisitions in order to build a complete model. Scans were taken at rather small distance intervals, to account for the narrowness of the site, which implies unfavourable incidence angles. When surveying from the surface, the scanning positions were accurately measured using a total station, which makes the registration and geo-referencing tasks easier.
The rest of the paper is organized as follows. In Sec. 2, we give more details about the experimental setup. The construction of the 3D MSS model is described in Sec. 3. Qualitative and quantitative analyses are given in Sec. 4. Finally, Sec. 5 concludes the paper.
EXPERIMENTAL SETUP
The experimental site is a lock (number 50) of the Marne-Rhine Canal, operated by Voies Navigables de France (VNF). Located in north eastern France, this 313 km long canal opened in 1853 connects the Marne river, in Vitry-le-François, with the Rhine, in Strasbourg. The dimensions of its 154 locks are governed by the Freycinet gauge: minimum 38.5 m long, 5.05 m width and 2.5 m draught. Lock No. 50 is located in Souffelweyersheim, in the vicinity of Strasbourg. It has a rise of about 1.6 m and its chamber is indeed a little wider than the gauge: 43.2 m long, 5.2 m wide and more than 2.6 m draught (which corresponds to a sidewall height of 5.1 m). In December 2015, the lock was closed with cofferdams and completely drained, for maintenance operations and 3D surveying (Fig. 1 ).
The TLS survey was carried out by the INSA Strasbourg team on December 1 (some complementary scans were taken on the next day, after scaffolding disassembly). Six scans were taken from the bottom of the empty lock and height, from the top, using a Faro Focus 3D X330. Spherical targets (see image (a) on Fig. 2 on the following page) were carefully placed around the environment to facilitate registration of the scans, which was done within the Faro Scene framework with sub-centimeter accuracy. The resulting model will be considered as a reference for the rest of the study. A sample model of the top structure of the lock is shown on Fig. 2b .
The MSS survey was conducted by the Sub-C marine company on December 4, immediately after refilling the lock. The chamber was then almost in the same state as during the TLS survey. The only noticeable difference is that the bottom door was open for the TLS survey and closed for the MSS one. The water is rather turbid, as may be seen on the photographs, and the measured sound speed was about 1434 m.s −1 .
The characteristics of the BlueView BV5000 used in this experiment are given in Tab. 1. The frequency of the emitted sound wave (1.35 MHz) is well suited to the dimensions of the surveyed structure. As proposed in (Lesnikowski and Rush, 2012) , some hollow metallic spheres could have been used as reference targets to register MSS acquisitions taken from the floor of the canal. Unfortunately, we did not have such objects at hand, so we chose a different strategy. More specifically, we operated the MSS upside-down, by hanging it to a ladder crossing the lock chamber, thanks to a metallic pole (see Fig .2c ). This way the sonar head was placed at nearly 80 cm above the water surface. A topographic prism was attached to the fixation of the pole on the ladder. The prism and a couple of points aimed on the axis of the pole were carefully surveyed with a total station. Using this information, it is possible to roughly register each scan: indeed, the three translations and two angles out of three may be estimated. In Sec. 3, we propose a method for recovering the third (horizontal) rotation angle.
Scans were taken every 5 m along the lock, which provided 9 point clouds. At each scanning position, the sonar head rotated 360
• around its vertical axis, with 3 successive tilt angles: 15
• , -15
• , -45
• . As shown on Fig. 3 on the next page, this configuration leads to a maximum incidence angle of 75
• and a maximum sight distance of 5 m. We note that placing the sonar deeper would limit these angles and distances, leading to more favorable acquisition geometries. Moreover, a set of three "free" (i.e. not localized) scans were performed from the canal floor, with the BV5000 placed on a tripod. Fig. 2d shows a crude model of the top structure of the lock, obtained after a manual registration of several raw MSS scans.
MODEL ALIGNMENT AND GEO-REFERENCING
In this section, we introduce a geometric method for registering the 3D underwater model. The full model is built from acquisitions collected by the MSS device at 9 upside-down scanning positions. We propose a two-step registration process.
First, the orientation of the metallic pole, corresponding to the rotation axis of the sonar, and the scanner position O are computed for each scan. For this purpose, we rely on the positions of three points (A, B and C on Fig. 4 ) obtained by tacheometric survey, as described in Sec. 2. Moreover, we use a geometrical surveying of the rigid system comprising the prism, the metallic pole and the sonar. In particular, since distances D and d are measured beforehand, elementary calculations provide the orientation of the rotation axis. Henceforth, the last ambiguity concerns the horizontal orientation of the point clouds, i.e. the rotations of each point cloud about the vertical axis passing through the origin Oi. The second step of our registration method is devoted to the computation of this horizontal rotation. In our approach, we assume that the canal lock is symmetric with respect to a vertical plane. This plane defines the longitudinal axis of the lock, which can be computed for each point cloud using Principal Component Analysis (PCA). Hence, the horizontal orientation problem is reduced to aligning the longitudinal axis of the different scans (whose center positions are known) by applying rotations, as explained on Fig. 5 . First, the axis of the different point clouds are rotated by an angle αi, in such a way that their resulting orientations are identical. Note that this orientation is arbitrarily defined (see Fig. 5-middle) . Secondly the axis of the scans are aligned by applying a rotation by a common angle β, as shown on Fig. 5 -right.
The β angle can be determined from any couple of scans, (Si, Sj), using a simple geometric construction that exploits two invariants: the distance between scan origins (Oi and Oj) and the orthogonal distance between Oj and the axis of symmetry of the corresponding scan, Sj. In practice, we compute such angles for several couples and take β as their mean.
As the experimental results show (see Sec. 4), the proposed method yields satisfactory results. However, improvements might be expected by refining the registration using a global technique such as the Iterative Closest Point (ICP) method (Besl and McKay, 1992) . It might be important, in that case, to weight the 3D points according to their incidence angle or sight distance, in order to take into account the noise and loss of resolution effects that can be observed, specially in narrow environments (Moisan et al., 2015) .
EXPERIMENTAL RESULTS
Before we study the quality of the sonar model with respect to the reference laser one, from both a quantitative and a qualitative point of view, it might be useful to get some insight on the different perturbations that impair sonar data, especially for the readers who are not familiar with this kind of 3D imaging technique.
Sonar scan assessment
As can be observed on Fig. 2 , the information provided by the TLS and the MSS are noticeably different. For example, while the floor, that was not perfectly dry during the survey, is not imaged by the laser, it is visible in the sonar scan. Conversely, no useful information can be extracted using the sonar above the water surface. The most important visual difference lies in the aspect of the sonar model, that looks very granular. This is also visible on Fig. 6 on the following page, that shows a direct rendering of the raw output of the MSS, without any post-processing. Beyond the noisy aspect of the scan, five types of artifacts can be noticed on that figure. In the following, we propose to interpret them, at the light of considerations about the employed technology, the experimental setup and the characteristics of the surveyed object.
In the first place, many artifacts are due to reflections of the signal on the water surface. These points (No. 1) are coloured in salmon on Fig. 6 . Provided that the water level is known, which requires some external means, for example ladders as in (Moisan et al., 2015) or tacheometry in the present case, these points can be easily removed from the point cloud. Artifacts due to reflections on other surfaces (typically, the walls) can also be removed manually using the approximate shape of the lock chamber. Other artifacts are due to acoustic phenomena in the water column and result in "phantom" objects (see No. 2 on Fig. 6 ) or in systematic patterns when signal backscatters from surface (see No. 3 on Fig. 6 ).
In the present work, all these artifacts were manually processed prior to registering the point clouds.
The granular aspect of the MSS output becomes more and more visible as the distance from the source increases. This is also noticeable in both horizontal and vertical cross-sections (Fig. 7 on the next page). The increasing imprecisions may be explained by the inherent noise of sonar data, and by the fact that the footprint size of the signal increases with the distance due to the narrowness of the canal, which yields more and more unfavorable incident angles (Moisan et al., 2015) . To remove this granularity, specific filtering algorithms have to be used. In this paper, we use a simple meshing following the method described in (Moisan et al., 2015) , but only for visualizing details (Sec. 4.3).
Some artifacts seem to be related to the mechanical sweeping system. For example, we notice that some profiles, corresponding to successive horizontal acquisition angles, are quite similar (see No. 4 on Fig. 6 ). A possible explanation is that the rotative mechanism temporarily blocks while the system carries on incrementing the value of the acquisition angle. This error impairs the geometry of the point clouds. For example, the sidewall point cloud on Fig. 7 on the following page shows anomalous curvatures. Fig. 7 also provides an a posteriori justification of our choice of implementing scanning positions every 5 meters, which allows truncating the model before the geometric effects become preeminent.
Another defect that may impair the geometry of the point cloud is an erroneous tilt angle assignment (Lesnikowski and Rush, 2012) . This error is noticeable when vertical cross sections of TLS and MSS point clouds are compared (see Fig. 7 ). Indeed, in the sonar point cloud, sidewalls seem to lean inside the lock while they appear vertical in the TLS model. It would be possible to post-process the data to compensate this effect. However, it was not done here because an accurate calibration of the tilt angle would require using the TLS point model, which would then deprive us of any reference for further quality assessments.
Last, we noticed on almost all point clouds that some areas are not surveyed (see No. 5 on fig. 6 ). These gaps, which are yet
The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLI-B5, 2016 XXIII ISPRS Congress, 12-19 July 2016, Prague, Czech Republic Figure 6 . Rendering of a raw sonar output (from a single scanning position). 1: artifacts due to surface reflections (coloured in salmon). 2: acoustic anomalies in the water column acquisition. 3: acoustic phenomena due to signal backscattering. 4: acquisition anomaly probably due to a temporary blocking of the horizontal rotation system. 5: acquisition lack. unexplained, have variable angular size, but they generally occur at the same horizontal acquisition angle. We note that similar lacks can be observed on Fig. 4 .9, p. 74 in (Thomas, 2011) .
Model assessment
In Sec. 4.1, we have reviewed the main artifacts that impair the raw MSS data and how they were (or were not) taken into account prior the registration was performed. The 3D model of the lock chamber, obtained using the methodology proposed in Sec 3 is shown on Fig. 8 on the next page. A quantitative assessment of this model is now presented. It is based on the distances between the MSS model and the reference TLS model. Since it is based on geo-referenced models (without extra adjustment), this evaluation concerns both the quality of the MSS data and the efficiency and robustness of the registration method.
The proposed study is essentially a cloud-to-mesh comparison. Such an approach is well suited to our application, since the lock chamber is a topologically simple object, with smooth surfaces and almost no occlusions. In such conditions, the meshing process is rather straightforward. We use the 3DReshaper software from Technodigit to obtain the reference mesh from the TLS point cloud. The cloud-to-mesh comparison is performed with CloudCompare, which uses an algorithm inspired from METRO (Cignoni et al., 1998) . Since no reference is available for the floor of the lock, two separate evaluations are carried out, using the models of each sidewall.
The results of these distance computations are summarized in Tab. 2. Positive distances correspond to vectors pointing inward the lock chamber (i.e. MSS points that are closest to the center of the canal than their TLS corresponding points). The histograms of Fig. 9) show that the distance distributions are close to the Gaussian. But, their mean is not null. This indicates the presence of a bias due to possible systematic errors.
Furthermore, the spatial distribution of distances on sidewalls
The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLI-B5, 2016 XXIII ISPRS Congress, 12-19 July 2016, Prague, Czech Republic Table 2 . Analysis of distance distributions (in cm) (see Fig. 10 ) illustrates this systematism. The frontiers between scans are clearly visible, which might be due to some remaining registering error. However, one may notice that the triangular patterns (mostly visible on the right sidewall) are oriented in the same direction, which corresponds to the narrowing effect brought to light in Sec. 4.1. Another kind of systematic error is noticeable on Fig. 10 , under the form of concentric patterns starting from the floor. Since they are diametrically opposed to the distance and incidence angle patterns of Fig. 3 , the preeminent error is probably not due to the expanding footprint effect. In-
The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLI-B5, 2016 XXIII ISPRS Congress, 12-19 July 2016, Prague, Czech Republic deed, the calibration of the tilt angle should be reconsidered. In order to verify this assumption, a simulation of a 1 • tilt error has been done using TLS data. The spatial distribution of simulated distances, shown on Fig. 11 on the previous page is similar to the one obtained with MSS data (in particular for the left wall, where the narrowing error has less impact).
This study shows that the outcome distances range from -14.4 to 7.7 cm. The distance mean (considering both sidewalls simultaneously) is -2.4 cm and the standard deviation 3.5 cm. These results might be enhanced by improving the registration method, or by correcting some effects (tilt offset) after calibration using the TLS model, or by refining the experimental setup (mechanical rotation system, position of the MSS) and performing a new survey.
Examining details
The third study is focused on the capacity to distinguish details on the structure in the MSS model. To this aim, we consider two parts of the lock chamber. The first one is located on the left sidewall. In this area, a rubber stone (approximative size: 60 × 20 × 10 cm) is lacking and masonry joints are damaged (the grouting lacks are about 5 cm wide and deep). The corresponding part of the 3D MSS model built from upside-down scans (see Fig. 12 ) is extracted and meshed for visualization.
The second area is the lock threshold that has been acquired with the MSS placed on a tripod on the lock floor, nearly 5 m away from the target, in almost the same position as a previous TLS acquisition (see Fig. 13 ). In this area, a spall in the threshold creates a cavity (approximative size: 50 × 100 × 15 cm) and joint damages are also visible. A meshing of this particular MSS model is also performed.
These examples visually demonstrate that important defects of the masonry, such as rubble stone lack or cavities can be detected in the MSS point cloud. Nevertheless, smaller details, such as damaged masonry joints, are harder to notice.
CONCLUSION
In this paper we have reported on the experimental assessment of a Mechanical Scanning Sonar, the BV5000, for 3D surveying in a canal lock. The proposed scanning methodology is based on several acquisitions from the surface, which allows a rough positioning of the scans. We introduced a geometric method for estimating the last missing angle and then, registering the scans to obtain a 3D model of the lock chamber. We proposed a qualitative and quantitative assessment of the resulting 3D underwater point cloud, using a meshed model derived from TLS scans as a reference. This study allowed us to quantify the overall precision and level of detail that are accessible with this kind of technique. In particular, while the measuring performance of MSS are rather coarse, they can be appropriate for detecting defects of a decimetric size.
Our study also shed light on several possible optimizations, that could lead to improved performance. Firstly, to access a better level of detail, noise should be suppressed and precision should be enhanced. To this aim, modifications of the setup may be envisioned. For example, reducing the inter-scan distances and immersing the MSS a little deeper would lead to more favorable sight distances and incidence angles. This would result in smaller footprint sizes and hence, in a better resolution. Moreover, the noise level could be lowered by applying suitable sonar data denoising methods when processing the MSS raw outputs. Secondly, the quality of the global 3D model could be improved. For example, the tilt angle could be recalibrated using one scan and the other scans might then be corrected and used for model evaluation. Also, the registration method might be enhanced, by weighting the data points with respect to the incidence angle and sight distance. Moreover, the registration of the scans might be refined using an iterative procedures. To this aim, a constrained version of the ICP algorithm is envisioned.
Finally, a better precision and accuracy can be expected with new generations of Mechanical Scanning Sonars.
